Multiplicity dependence of jet-like two-particle correlation structures in p-Pb collisions at root s(NN)=5.02 TeV by Abelev, B. et al.
Physics Letters B 741 (2015) 38–50Contents lists available at ScienceDirect
Physics Letters B
www.elsevier.com/locate/physletb
Multiplicity dependence of jet-like two-particle correlation structures 
in p–Pb collisions at 
√
sNN = 5.02 TeV
.ALICE Collaboration 
a r t i c l e i n f o a b s t r a c t
Article history:
Received 23 June 2014
Received in revised form 8 October 2014
Accepted 15 November 2014
Available online 20 November 2014
Editor: L. Rolandi
Two-particle angular correlations between unidentiﬁed charged trigger and associated particles are 
measured by the ALICE detector in p–Pb collisions at a nucleon–nucleon centre-of-mass energy 
of 5.02 TeV. The transverse-momentum range 0.7 < pT,assoc < pT,trig < 5.0 GeV/c is examined, to 
include correlations induced by jets originating from low momentum-transfer scatterings (minijets). 
The correlations expressed as associated yield per trigger particle are obtained in the pseudorapidity 
range |η| < 0.9. The near-side long-range pseudorapidity correlations observed in high-multiplicity 
p–Pb collisions are subtracted from both near-side short-range and away-side correlations in order to 
remove the non-jet-like components. The yields in the jet-like peaks are found to be invariant with 
event multiplicity with the exception of events with low multiplicity. This invariance is consistent with 
the particles being produced via the incoherent fragmentation of multiple parton–parton scatterings, 
while the yield related to the previously observed ridge structures is not jet-related. The number of 
uncorrelated sources of particle production is found to increase linearly with multiplicity, suggesting no 
saturation of the number of multi-parton interactions even in the highest multiplicity p–Pb collisions. 
Further, the number scales only in the intermediate multiplicity region with the number of binary 
nucleon–nucleon collisions estimated with a Glauber Monte-Carlo simulation.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/3.0/). Funded by SCOAP3.1. Introduction
Data from p–Pb collisions at the LHC have resulted in several 
surprising measurements with observations which are typically 
found in collisions of heavy ions and are understood to be due 
to a collective expansion of the hot and dense medium (hydro-
dynamic ﬂow). In particular, so-called ridge structures which span 
over a large range in pseudorapidity (η) have been observed in 
two-particle correlations [1–3]. Their modulation in azimuth is de-
scribed by Fourier coeﬃcients and is dominated by those of second 
(v2) and third (v3) order [2–4]. They are also found in the corre-
lations of four particles [4,5] which are less sensitive to non-ﬂow 
effects like resonance decays and jets. Evidence for the existence 
of a common ﬂow velocity ﬁeld has been further corroborated by 
particle-identiﬁcation measurements of the same observables [6]. 
They revealed that the v2 of pions, kaons and protons as a function 
of pT shows a characteristic mass ordering as well as a crossing of 
pion and proton v2 at about 2.5 GeV/c which is reminiscent of 
measurements in Pb–Pb collisions [7]. These ﬁndings hint at po-
tentially novel mechanisms in collisions of small systems which 
are far from being understood theoretically. Several authors de-
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scribe the results in the context of hydrodynamics [8–12], but also 
explanations in the framework of saturation models successfully 
describe some of the measurements [13,14].
While measurements of these correlations are suggestive of 
similarities between Pb–Pb and p–Pb collisions, measurements 
sensitive to energy loss in a hot and dense medium reveal no 
or minor modiﬁcations with respect to pp collisions. The inclu-
sive hadron nuclear modiﬁcation factor RpA of minimum-bias p–Pb
events shows no signiﬁcant deviations from unity up to 20 GeV/c
[15]. Measurements of the dijet transverse momentum imbalance 
show comparable results to simulated pp collisions at the same 
center-of-mass energy, independent of the forward transverse en-
ergy [16].
Towards a more complete picture of the physical phenom-
ena involved in p–Pb collisions, it is interesting to study QCD 
interactions in the pT range where these ridge-like structures 
have been observed. Parton scatterings with large transverse-
momentum transfer (Q 2  ΛQCD, typically called hard interactions) 
lead to phenomena such as high-pT jets. QCD-inspired models ex-
trapolate these interactions to the low-pT region where several 
such interactions can occur per nucleon–nucleon collision (mul-
tiple parton interactions – MPIs) and can hence contribute signif-
icantly to particle production [17,18]. The objective of the analy-
sis presented in this paper is to investigate if jet-like structures 
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in this low-pT region show modiﬁcations as a function of event 
multiplicity in addition to the appearance of the ridge-like struc-
tures. The analysis employs two-particle azimuthal correlations 
within |η| < 0.9 from low to intermediate transverse momentum 
(0.7 < pT < 5 GeV/c) in p–Pb collisions. After subtraction of the 
long-range pseudorapidity ridge-like structures, the yields of the 
jet-like near- and away-side peaks are studied as a function of 
multiplicity. As already shown in pp collisions, this analysis proce-
dure allows the extraction of the so-called number of uncorrelated 
seeds, which in PYTHIA is proportional to the number of MPIs [19]. 
Thus the presented results allow to draw conclusions on the con-
tribution of hard processes to particle production as a function of 
event multiplicity.
The paper is structured as follows: Section 2 presents the ex-
perimental setup followed by the event and track selections in 
Section 3 and the analysis details in Section 4. The results are pre-
sented in Section 5 followed by a summary.
2. Experimental setup
In the present analysis, p–Pb collision data at a centre-of-mass 
energy of 
√
sNN = 5.02 TeV collected by the ALICE detector in 2013 
are used. The energies of the beams were 4 TeV for the proton 
beam and 1.58 TeV per nucleon for the lead beam. The nucleon–
nucleon centre-of-mass system moves with respect to the ALICE 
laboratory system with a rapidity of −0.465, i.e. in the direction of 
the proton beam. In the following, η denotes the pseudorapidity in 
the laboratory system.
A detailed description of the ALICE detector can be found in 
Ref. [20]. The subdetectors used in the present analysis for charged 
particle tracking are the Inner Tracking System (ITS) and the Time 
Projection Chamber (TPC), both operating in a solenoidal magnetic 
ﬁeld of 0.5 T and covering a common acceptance of |η| < 0.9. The 
ITS consists of six layers of silicon detectors: two layers of Silicon 
Pixels Detectors (SPD), two layers of Silicon Drift Detectors and two 
layers of Silicon Strip Detectors, from the innermost to the outer-
most ones. The TPC provides tracking and particle identiﬁcation by 
measuring the curvature of the tracks in the magnetic ﬁeld and 
the speciﬁc energy loss dE/dx. The VZERO detector, which consists 
of two arrays of 32 scintillator tiles each, covers the full azimuth 
within 2.8 < η < 5.1 (VZERO-A) and −3.7 < η < −1.7 (VZERO-C) 
and is used for triggering, event selection and event characteriza-
tion. The trigger requires a signal of logical coincidence in both 
VZERO-A and VZERO-C. The VZERO-A, located in the ﬂight direc-
tion of the Pb ions, is used to deﬁne event classes corresponding 
to different particle-multiplicity ranges. In addition, two neutron 
Zero Degree Calorimeters (ZDCs), located at 112.5 m (ZNA) and 
−112.5 m (ZNC) from the interaction point, are used for the event 
selection. The ZNA has an acceptance of 96% for neutrons originat-
ing from the Pb nucleus and the deposited energy is used as an 
alternative approach to deﬁne the event-multiplicity classes.
3. Event and track selection
The employed event selection [21] accepts 99.2% of all non-
single-diffractive collisions. Beam-induced background is removed 
by a selection on the signal amplitude and arrival times in the 
two VZERO detectors. The primary vertex position is determined 
from the tracks reconstructed in the ITS and TPC as described in 
Ref. [22]. The vertex reconstruction algorithm is fully eﬃcient for 
events with at least one reconstructed primary charged particle in 
the common TPC and ITS acceptance. Events with the coordinate 
of the reconstructed vertex along the beam axis zvtx within 10 cm 
from the nominal interaction point are selected. About 8 · 107
events pass these event selection criteria and are used for the anal-
ysis.
The analysis uses charged-particle tracks reconstructed in the 
ITS and TPC with 0.2 < pT < 5 GeV/c within a ﬁducial region of 
|η| < ηmax with ηmax = 0.9. The track selection is the same as 
in Ref. [2] and is based on selections on the number of space 
points, the quality of the track ﬁt and the number of hits in the 
ITS, as well as the Distance of Closest Approach (DCA) to the re-
constructed collision vertex. The track selection is varied in the 
analysis for the study of systematic uncertainties [2].
The eﬃciency and purity of the track reconstruction and the 
track selection for primary charged particles (deﬁned as the 
prompt particles produced in the collision, including decay prod-
ucts, except those from weak decays of strange particles) are 
estimated from a Monte-Carlo simulation using the DPMJET ver-
sion 3.05 event generator [23] with particle transport through 
the detector using GEANT3 [24] version 3.21. The eﬃciency and 
acceptance for track reconstruction is 68–80% for the pT range 
0.2–1 GeV/c, and 80% for pT > 1 GeV/c with the aforementioned 
track selections. The reconstruction performance is independent 
of the p–Pb event multiplicity. The remaining contamination from 
secondary particles due to interactions in the detector material and 
weak decays decreases from about 5% to 1% in the pT range from 
0.5 to 5 GeV/c. The contribution from fake tracks, false associa-
tions of detector signals, is negligible. Corrections for these effects 
are discussed in Section 4. Alternatively, eﬃciencies are estimated 
using HIJING version 1.36 [25] with negligible differences in the 
results.
In order to study the multiplicity dependence of the two-
particle correlations, the events are divided into classes deﬁned 
according to the charge deposition in the VZERO-A detector (called 
V0A when referring to it as a multiplicity estimator). The events 
are classiﬁed in 5% percentile ranges of the multiplicity distri-
bution, denoted as “0–5%” to “95–100%” from the highest to the 
lowest multiplicity.
The VZERO-A detector is located in the direction of the Pb beam 
and thus sensitive to the fragmentation of the Pb nucleus, and is 
used as default multiplicity estimator. Two other estimators are 
employed to study the behaviour of the two-particle correlations 
as a function of the η-gap between the detector used to measure 
the multiplicity and the tracking detectors. These are CL1, where 
the signal is taken from the outer layer of the SPD (|η| < 1.4), 
and ZNA, which uses the ZNA detector (|η| > 8.8). Due to the lim-
ited eﬃciency of the ZNA, results are only presented for the 95% 
highest-multiplicity events. These estimators select events with 
different ranges of multiplicity at midrapidity. While the V0A esti-
mator selects event classes with on average about 5 to 69 charged 
particles within |η| < 0.9 and pT larger than 0.2 GeV/c, the CL1 
has a slightly larger range (about 2 to 78) and the ZNA has a 
smaller range (about 10 to 46).
The observables in this analysis are calculated for events with 
at least one particle with pT > 0.2 GeV/c within |η| < 0.9. Monte-
Carlo simulations show that this selection reduces the number of 
events compared to all inelastic events by about 2%. These events 
are concentrated at low multiplicity in the 80–100% multiplicity 
classes.
4. Analysis
The two-particle correlations between pairs of trigger and as-
sociated charged particles are expressed as the associated yield 
per trigger particle in a given interval of transverse momentum, 
for each multiplicity class. The associated per-trigger yield is mea-
sured as a function of the azimuthal difference ϕ (deﬁned within 
−π/2 and 3π/2) and of the pseudorapidity difference η. The 
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condition pT,assoc < pT,trig between transverse momenta of trigger 
and associated particles is required.
The associated yield per trigger particle is deﬁned as
1
Ntrig
d2Nassoc
dηdϕ
= S(η,ϕ) · C(η,ϕ), (1)
where Ntrig is the total number of trigger particles in the event 
class and pT interval. The signal distribution S(η, ϕ) =
1/Ntrig d2Nsame/dηdϕ is the associated yield per trigger par-
ticle for particle pairs from the same event. The correction factor 
C is deﬁned as:
C(η,ϕ) = ˜B(η)
B(η,ϕ)
, (2)
where B describes the pair acceptance and pair eﬃciency of 
the detector while ˜B is the pair acceptance of a perfect but 
pseudorapidity-limited detector, i.e. a triangular shape deﬁned by 
˜B(η) = 1 − |η|/(2 · ηmax). In this way, the resulting associated 
yields per trigger particle count only the particles entering the 
detector acceptance, as it is required for the deﬁnition of uncor-
related seeds, see below and the detailed discussion in Ref. [19].
B(η, ϕ) = α d2Nmixed/dηdϕ is constructed by correlat-
ing the trigger particles in one event with the associated particles 
from different events in the same multiplicity class and within 
the same 2 cm-wide zvtx interval (each event is mixed with about 
5–20 events). It is normalized with a factor α which is chosen such 
that B(η, ϕ) is unity at ϕ = η ≈ 0 for pairs where both par-
ticles travel in approximately the same direction. The yield deﬁned 
by Eq. (1) is constructed for each zvtx interval to account for dif-
ferences in pair acceptance and in pair eﬃciency. After eﬃciency 
correction (described below) the ﬁnal per-trigger yield is obtained 
by calculating the average of the zvtx intervals weighted by Ntrig. 
A selection on the opening angle of the particle pairs is applied 
in order to avoid a bias due to the reduced eﬃciency for pairs 
with small opening angles. Pairs are required to have a separation 
of |ϕ∗min| > 0.02 rad or |η| > 0.02, where ϕ∗min is the mini-
mal azimuthal distance at the same radius between the two tracks 
within the active detector volume after accounting for the bending 
in the magnetic ﬁeld.
Furthermore, correlations induced by secondary particles from 
neutral-particle decays are suppressed by cutting on the invari-
ant mass (minv) of the particle pair. In this way pairs are re-
moved which are likely to stem from a γ -conversion (minv <
0.04 GeV/c2), a K0s decay (|minv − m(K0)| < 0.02 GeV/c2) or a Λ
decay (|minv −m(Λ)| < 0.02 GeV/c2). The corresponding masses of 
the decay particles (electron, pion, or pion/proton) are assumed in 
the minv calculation.
Each trigger and each associated particle is weighted with a 
correction factor that accounts for reconstruction eﬃciency and 
contamination by secondary particles. These corrections are ap-
plied as a function of η, pT and zvtx. The correction procedure 
is validated by applying it to simulated events and comparing 
the per-trigger pair yields with the input Monte-Carlo simulations. 
The remaining difference after all corrections (Monte-Carlo non-
closure) is found to be negligible.
4.1. Long-range correlations subtraction
In addition to the jet-like peaks, ridge structures have been 
observed in p–Pb collisions [2,3]. These long-range structures are 
mostly independent of η outside the jet-like peak and assumed 
to be independent below the peak and their modulation in az-
imuth is described by a Fourier expansion up to the third order. 
To study the properties of the jet-like peaks, these structures are 
subtracted.
On the near side (−π/2 < ϕ < π/2), the jet-like peak is 
centered around (η = 0, ϕ = 0), while the ridge structures ex-
tend to large η. Thus the near side is divided into short-range 
(|η| < 1.2) and long-range (1.2 < |η| < 1.8) correlations regions 
which are correctly normalized and subtracted from one another. 
Fig. 1 shows the ϕ-distributions of the per-trigger yield in these 
two regions in the highest (0–5%) and lowest (95–100%) multiplic-
ity classes.
On the away side (π/2 < ϕ < 3π/2) the jet contribution is 
also elongated in η. The jet and ridge contribution can therefore 
not be disentangled. As the ridge structures are mostly symmet-
ric around ϕ = π/2 (the second Fourier coeﬃcient is four times 
larger than the third coeﬃcient [2,3]), the near-side long-range 
correlations are mirrored around ϕ = π/2 and subtracted from 
the away side (measured in |η| < 1.8). Also shown in Fig. 1
are the ϕ-distributions of the symmetrized long-range correla-
tions and the correlations after subtraction. Obviously, this sym-
metrization procedure does not account correctly for odd Fourier 
coeﬃcients. To assess the effect of the third coeﬃcient on the ex-
tracted observables, an additional 2v23 cos3ϕ functional form is 
subtracted before the symmetrization. The v3 is estimated as a 
function of multiplicity with the subtraction procedure described 
in Ref. [2]. The inﬂuence of the v3 contribution is illustrated in the 
bottom left panel of Fig. 1. The effect of the symmetrization of the 
third Fourier component on the away-side yield amounts up to 4% 
and is a major contribution to the systematic uncertainties.
4.2. Observables
The event-averaged near-side, 〈Nassoc,near side〉, and away-side, 
〈Nassoc,away side〉, per-trigger yields are sensitive to the fragmen-
tation properties of low-pT partons. They are calculated as the 
integral of the ϕ projection of the long-range subtracted per-
trigger yield (bin counting) respectively in the near-side and away-
side peaks, above the combinatorial background. By deﬁnition after 
subtracting the long-range correlations (1.2 < |η| < 1.8) from the 
short-range one (|η| < 1.2), the baseline should be zero. Never-
theless, owing to minor differences between the detector eﬃcien-
cies and those estimated with the Monte-Carlo simulations and a 
slight dependence of the single-particle distribution on η, a small 
residual baseline is present (about 0.003, hardly visible in Fig. 1), 
which is taken into account. Fig. 1 shows that the away-side peak 
is slightly wider than the near-side peak. Therefore, the near-side 
yield is evaluated in the region |ϕ| < 1.48 and the away-side 
yield in |ϕ| > 1.48. For the systematic uncertainty estimation, the 
value 1.48 has been varied by ±0.09.
Alternatively, the yields are also calculated with a ﬁt method, 
using two Gaussians on the near side and one Gaussian on the 
away side superimposed on a constant baseline [19]. The differ-
ences between the results obtained with the two methods are 
included in the systematic uncertainties.
The average number of trigger particles depends on the number 
of parton scatterings per event as well as on the fragmentation 
properties of the partons. Therefore, the ratio between the number 
of trigger particles and the per-trigger yields is computed with the 
goal to reduce the dependence on fragmentation properties. This 
ratio, called average number of uncorrelated seeds, is deﬁned for 
symmetric pT bins as:
〈Nuncorrelated seeds〉 = 〈Ntrig〉〈Ncorrelated triggers〉
= 〈Ntrig〉
1+ 〈Nassoc,near side〉 + 〈Nassoc,away side〉 , (3)
where the correlated triggers are calculated as the sum of the 
trigger particle and the particles associated to that trigger parti-
ALICE Collaboration / Physics Letters B 741 (2015) 38–50 41Fig. 1. Per-trigger yield as a function of ϕ with 0.7 < pT,assoc < pT,trig < 5 GeV/c in the 0–5% event class (left) and 95–100% event class (right). The distributions show the 
correlations before subtraction (blue circles), the long-range correlations (black triangles) scaled according to the η region in which they are integrated, the symmetrized 
near-side long-range correlations (green squares) and the correlations after long-range correlations (LRC) subtraction (red diamonds). The vertical arrows indicate the inte-
gration regions while the curve in the bottom left panel shows the magnitude of the third Fourier component on the away side. Statistical uncertainties are shown but are 
smaller than the symbol size. (For interpretation of the references to color in this ﬁgure, the reader is referred to the web version of this article.)cle. In PYTHIA, for pp collisions [19], the uncorrelated seeds are 
found to be linearly correlated to the number of MPIs in a cer-
tain pT range, independent of the η range explored. The selection 
pT > 0.7 GeV/c has been found optimal since it is close to ΛQCD
and high enough to reduce contributions of hadrons at low pT, e.g. 
from resonances and string decays.
4.3. Systematic uncertainties
Table 1 summarizes the systematic uncertainties related to the 
near-side and away-side long-range-subtracted yields extraction 
and to the uncorrelated seeds calculation. The largest uncertainty 
(5%) for the yields is due to the integration method estimated from 
the difference between bin counting and the ﬁt. The v3-component 
estimation gives rise to an uncertainty only on the away side 
which is multiplicity-dependent. It is indicated by the range in 
the table where the largest value of 4% is obtained for the high-
est multiplicity. Other non-negligible uncertainties are due to the 
track selection (2%), the pile-up contamination (1%), estimated by 
excluding the tracks from different colliding bunch crossings, and 
the uncertainty on the tracking eﬃciency (3%) [15].
The total uncertainty for the yields is 6–8%, which translates 
into 3% uncertainty for the uncorrelated seeds where, owing to 
the deﬁnition, some uncertainties cancel. The total uncertainty is 
mostly correlated between points and between the different esti-
mators.
5. Results
The near-side and away-side per-trigger yields are shown in 
Fig. 2 as a function of V0A multiplicity class for three different 
Table 1
Summary of the systematic uncertainties. The uncertainties are independent of mul-
tiplicity, apart from the effect of the third Fourier component v3.
Source Near-side 
yield
Away-side 
yield
Uncorrelated 
seeds
Bin counting vs. ﬁt 5% 5% 1%
Baseline estimation negl. 1% negl.
v3 component 0% 0–4% 0–1%
Track selection 2% 2% negl.
Tracking eﬃciency 3% 3% 3%
Pile-up 1% 1% negl.
MC closure negl. negl. negl.
Event generator negl. negl. negl.
Total 6% 6–8% 3%
pT ranges. For the range 0.7 GeV/c < pT,assoc < pT,trig < 5.0 GeV/c
(red triangles), the near-side (away-side) per-trigger yield increases 
from about 0.14 (0.08) in the lowest multiplicity class up to about 
0.25 (0.12) at 60%, and it remains nearly constant from 60% to the 
highest multiplicity class.
The trigger particles can originate both from soft and hard pro-
cesses, while the associated particles mostly belong to the mini-
jets which originate from hard processes. Therefore, in the region 
where the associated yields per trigger particle show a plateau, 
the hard processes and the number of soft particles must exhibit 
the same evolution with multiplicity. This can be more easily un-
derstood with an example event containing Nminijets with Nassoc
associated particles each and a background of Nsoft particles with 
no azimuthal correlation. In this scenario, the associated yield per 
trigger-particle is:
42 ALICE Collaboration / Physics Letters B 741 (2015) 38–50Fig. 2. Near-side (left panel) and away-side (right panel) per-trigger yields after long-range correlations subtraction as a function of V0A multiplicity class for several pT
cuts for trigger and associated particles: 0.7–5.0 GeV/c (red triangles), 0.7–5.0 GeV/c for pT,assoc and 2–5 GeV/c for pT,trig (blue circles) as well as 2–5 GeV/c (black 
circles). Statistical (lines) and systematic uncertainties (boxes) are shown, even though the statistical ones are mostly smaller than the symbol size. (For interpretation of the 
references to color in this ﬁgure, the reader is referred to the web version of this article.)
Fig. 3. Near-side (left panel) and away-side (right panel) per-trigger yields after long-range correlations subtraction as a function of the midrapidity charged particle multi-
plicity for the V0A (red circles), CL1 (blue squares) and ZNA (black triangles) multiplicity estimators. Statistical (lines) and systematic uncertainties (boxes) are shown, even 
though the statistical ones are smaller than the symbol size. (For interpretation of the references to color in this ﬁgure, the reader is referred to the web version of this 
article.)associated yield
trigger particle
= Nminijets · Nassoc(Nassoc − 1)/2
Nminijets · Nassoc + Nsoft . (4)
When the overall multiplicity, i.e. the denominator, changes, the 
fraction is constant if Nminijets (hard processes) and Nsoft (soft pro-
cesses) increase by the same factor. The given example can be 
easily extended to several events and to a different number of as-
sociated particles per minijet.
Increasing the pT threshold of the trigger particles to 2 GeV/c
(blue circles in Fig. 2), results in larger yields but with qualitatively 
the same multiplicity dependence. The plateau region extends in 
this case up to the 80% multiplicity class. Increasing also the 
threshold for the associated particles to 2 GeV/c (black squares) 
reduces the yields while the plateau remains over a wide multi-
plicity range.
To compare results obtained with different multiplicity estima-
tors, for each multiplicity class the average number of charged 
particles at midrapidity (|η| < 0.9) with pT > 0.2 GeV/c has been 
computed. Fig. 3 shows the per-trigger yields in the near-side and 
in the away-side peaks as a function of the midrapidity charged 
particle multiplicity for the standard estimator V0A as well as for 
CL1 and ZNA. As discussed above, the multiplicity range covered by 
these estimators depends on the separation in pseudorapidity of 
the estimator and the tracking detector. The near-side (away-side) 
yields for V0A and ZNA show the same behaviour in the region 
between 10 and 45 charged particles in which their multiplicity 
ALICE Collaboration / Physics Letters B 741 (2015) 38–50 43Fig. 4. Near-side (left panel) and away-side (right panel) per-trigger yields as a function of V0A multiplicity class with (red circles) and without (black squares) subtraction of 
the long-range correlations. Statistical (lines) and systematic uncertainties (boxes) are shown, even though the statistical ones are mostly smaller than the symbol size. (For 
interpretation of the references to color in this ﬁgure, the reader is referred to the web version of this article.)range overlaps: a mild increase from about 0.2 (0.1) to about 0.25 
(0.13). Below 10 charged particles, the yields for V0A decrease sig-
niﬁcantly to about 0.14 on the near side and 0.08 on the away side. 
The yields for CL1 exhibit a steeper slope than the two other es-
timators. This behaviour is expected from the event-selection bias 
imposed by the overlapping η-region of event selection and track-
ing: on the near side (away side) the value increases from about 
0.04 to 0.27 (from about 0.02 to 0.15). The CL1 trends are qualita-
tively consistent with the results in pp collisions [19]. The overall 
behaviour for each estimator is similar when using higher pT cuts 
for associated and trigger particles.
A key step of the analysis procedure is the subtraction of the 
long-range correlations. To assess the effect of this subtraction, a 
comparison between the yields with and without the ridge con-
tribution has been performed. The determination of the yields 
in these two cases is, however, slightly different, since the non-
subtracted distribution does not have a zero baseline by construc-
tion. In this case, the baseline is determined in the long-range 
correlations region (1.2 < |η| < 1.8) between the near-side ridge 
and the away-side peak at 1.05 < |ϕ| < 1.22.
The effect of the subtraction of the long-range correlations on 
the measured yields for the V0A estimator is presented in Fig. 4, 
where the near-side and away-side per-trigger yields with (red 
circles) and without (black squares) long-range correlations sub-
traction are shown. The yields agree with each other in the mul-
tiplicity classes from 50% to 100%, consistent with the observation 
that no signiﬁcant long-range structure exists in low-multiplicity 
classes. For higher-multiplicity classes, a difference is observed: the 
near-side yield increases up to about 0.34 without the subtraction 
compared to about 0.25 with subtraction. On the away side the 
value is about 0.23 compared to 0.13. Thus, in the highest mul-
tiplicity class, the subtraction procedure removes 30–40% of the 
measured yields. The same observation is made for the other mul-
tiplicity estimators.
The conclusion drawn earlier, that the hard processes and the 
number of soft particles show the same evolution with multi-
plicity, is only valid when the long-range correlations structure is 
subtracted. This observation is consistent with a picture where the 
minijet-associated yields in p–Pb collisions originate from the inco-
Fig. 5. Top panel: number of uncorrelated seeds as a function of the midrapid-
ity charged particle multiplicity. Shown are results for two pT cuts: 0.7 GeV/c <
pT,assoc < pT,trig < 5.0 GeV/c (red circles) and 2.0 GeV/c < pT,assoc < pT,trig <
5.0 GeV/c (black squares). Each of them is ﬁt with a linear function in the 0–50% 
multiplicity classes; open symbols are not included in the ﬁt. Statistical (lines) and 
systematic uncertainties (boxes) are shown, even though the statistical ones are 
smaller than the symbol size. Bottom panel: ratio between the number of uncorre-
lated seeds and the linear ﬁt functions. Black points are displaced slightly for better 
visibility. (For interpretation of the references to color in this ﬁgure, the reader is 
referred to the web version of this article.)
herent fragmentation of multiple parton–parton scatterings, while 
the long-range correlations appear unrelated to minijet production.
While the yields give information about the particles produced 
in a single parton–parton scattering, the uncorrelated seeds cal-
culation (Eq. (3)) provides the number of independent sources of 
particle production. The uncorrelated seeds are proportional to the 
number of MPIs in PYTHIA.
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Fig. 6. Ratio between uncorrelated seeds and Ncoll estimated within the Glauber 
model as a function of V0A multiplicity class. Statistical (lines) and systematic un-
certainties (boxes) are shown, even though the statistical ones are smaller than the 
symbol size. To aid the comparison, the higher pT range has been scaled by a factor 
8.3 to agree with the lower pT range in the 50–55% multiplicity class.
Fig. 5 presents the uncorrelated seeds as a function of the 
midrapidity charged-particle multiplicity for two pT cuts. In the 
range 2 GeV/c < pT,assoc < pT,trig < 5 GeV/c, the number of uncor-
related seeds increases with multiplicity from about 0 to about 3. 
The uncorrelated seeds exhibit a linear increase with midrapidity 
charged particle multiplicity Nch in particular at high multiplicity. 
To quantify this behaviour, a linear ﬁt is performed in the 0–50% 
multiplicity class and the ratio to the data is presented in the bot-
tom panel.
The linear description of the data is valid for Nch > 20 while 
deviations at lower multiplicity are observed. Deviations from lin-
earity are not surprising as other observables, e.g. the mean 〈pT〉
[26] and the RpA [27], show a change in dynamics as a function 
of multiplicity. In this pT range, the uncorrelated seeds are rather 
similar to the number of particles above a certain pT threshold as 
the denominator of Eq. (3) is close to unity. On the contrary, in 
the range 0.7 GeV/c < pT,assoc < pT,trig < 5.0 GeV/c the denomi-
nator is far from unity. In this region, the number of uncorrelated 
seeds increases with multiplicity from about 2 to about 20. The 
linear description extends over a slightly wider range but a depar-
ture is also observed at low multiplicity.
It is interesting to relate the number of uncorrelated seeds 
to the number of nucleon–nucleon collisions, which in heavy-
ion collisions is described successfully by Glauber models [28]
(Ncoll,Glauber). However, in p–Pb collisions, ongoing studies [27] (to 
be published in [29]) indicate that modiﬁcations to the Glauber 
Monte-Carlo simulations are needed for a correct estimation of the 
number of hard processes.
Fig. 6 presents the ratio between uncorrelated seeds and 
Ncoll,Glauber (calculated with a Glauber Monte-Carlo simulation) 
as a function of V0A multiplicity class for two pT cuts. A scaling 
of the uncorrelated seeds with Ncoll,Glauber within 3% is observed 
between 25% and 55% multiplicity classes. At higher multiplicity, 
for the 0.7 GeV/c < pT,assoc < pT,trig < 5.0 GeV/c (2.0 GeV/c <
pT,assoc < pT,trig < 5.0 GeV/c) range, the ratio between the num-
ber of uncorrelated seeds and the number of collisions estimated 
within the Glauber Monte-Carlo simulations deviates up to 25% 
(60%) from its average. At low multiplicity the deviation is about 
30% (25%). This shows that contrary to the expectation for a semi-
hard process, the number of uncorrelated seeds is not strictly 
proportional to the number of binary collisions. For further de-
tails, we refer the reader to the publication Ref. [29], which is 
in preparation. Some of these deviations could be due to a bias 
induced by the centrality estimator. Monte-Carlo simulations indi-
cate that by using multiplicity to deﬁne event classes, a bias on 
the mean number of hard collisions per event is introduced: high 
(low) multiplicity bias towards events with higher (lower) number 
of semi-hard processes. In addition, low-multiplicity p–Pb events 
result from collisions with a larger than average proton–nucleus 
impact parameter, which, for peripheral collisions, corresponds 
also to a larger than average proton–nucleon impact parameter 
[30]. Therefore, in low-multiplicity collisions the number of MPIs 
is expected to decrease, which is consistent with the measurement.
6. Summary
Two-particle angular correlations of charged particles have been 
measured in p–Pb collisions at 
√
sNN = 5.02 TeV and expressed 
as associated yields per trigger particle. Long-range pseudorapidity 
correlations have been subtracted from the per-trigger yields in or-
der to study the jet-like correlation peaks. Near-side and away-side 
jet-like yields are found to be approximately constant over a large 
range in multiplicity, with the exception of events with low multi-
plicity. This indicates that at high multiplicity hard processes and 
number of soft particles have the same evolution with multiplicity. 
These ﬁndings are consistent with a picture where independent 
parton–parton scatterings with subsequent incoherent fragmenta-
tion produce the measured minijet associated yields, while the 
ridge yields, which vary with multiplicity, are the result of other 
sources. This imposes signiﬁcant constraints on models which aim 
at describing p–Pb collisions. They must reproduce such an inco-
herent superposition while also describing observations like the 
ridge structures and the increase of mean pT with event multi-
plicity.
The number of uncorrelated seeds increases almost linearly 
with multiplicity, except at very low multiplicity. Thus, within the 
measured range, there is no evidence of a saturation in the number 
of multiple parton interactions. Furthermore, it is observed that 
the number of uncorrelated seeds scales only in the intermedi-
ate multiplicity region with the number of binary nucleon–nucleon 
collisions estimated with Glauber Monte-Carlo simulations, while 
at high and low multiplicities some biases could possibly cause 
the scale breaking.
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P. Luettig av, M. Lunardon ab, G. Luparello az, R. Ma dy, A. Maevskaya ay, M. Mager ah, D.P. Mahapatra bd, 
S.M. Mahmood u, A. Maire ci, R.D. Majka dy, M. Malaev ca, I. Maldonado Cervantes bf, L. Malinina bi,4, 
D. Mal’Kevich ba, P. Malzacher cm, A. Mamonov co, L. Manceau da, V. Manko cp, F. Manso bl, V. Manzari ct, 
M. Marchisone bl,y, J. Mareš bc, G.V. Margagliotti x, A. Margotti cu, A. Marín cm, C. Markert dg, 
M. Marquard av, I. Martashvili dn, N.A. Martin cm, P. Martinengo ah, M.I. Martínez b, G. Martínez García dc, 
J. Martin Blanco dc, Y. Martynov c, A. Mas dc, S. Masciocchi cm, M. Masera y, A. Masoni cv, L. Massacrier dc, 
A. Mastroserio ae, A. Matyja df, C. Mayer df, J. Mazer dn, M.A. Mazzoni cy, F. Meddi v, A. Menchaca-Rocha bg, 
J. Mercado Pérez ci, M. Meres aj, Y. Miake dp, K. Mikhaylov bi,ba, L. Milano ah, J. Milosevic u,1,5, 
A. Mischke az, A.N. Mishra as, D. Mis´kowiec cm, J. Mitra dt, C.M. Mitu be, J. Mlynarz dw, N. Mohammadi az, 
B. Mohanty bu,dt, L. Molnar ax, L. Montaño Zetina k, E. Montes j, M. Morando ab, D.A. Moreira De Godoy di, 
S. Moretto ab, A. Morsch ah, V. Muccifora bn, E. Mudnic de, D. Mühlheim aw, S. Muhuri dt, M. Mukherjee dt, 
H. Müller ah, M.G. Munhoz di, S. Murray ce, L. Musa ah, J. Musinsky bb, B.K. Nandi ar, R. Nania cu, E. Nappi ct, 
C. Nattrass dn, K. Nayak bu, T.K. Nayak dt, S. Nazarenko co, A. Nedosekin ba, M. Nicassio cm, 
M. Niculescu ah,be, B.S. Nielsen bv, S. Nikolaev cp, S. Nikulin cp, V. Nikulin ca, B.S. Nilsen cb, F. Noferini l,cu, 
P. Nomokonov bi, G. Nooren az, J. Norman dm, A. Nyanin cp, J. Nystrand q, H. Oeschler ci, S. Oh dy, 
S.K. Oh an,1,6, A. Okatan bk, L. Olah dx, J. Oleniacz dv, A.C. Oliveira Da Silva di, J. Onderwaater cm, 
C. Oppedisano da, A. Ortiz Velasquez af, A. Oskarsson af, J. Otwinowski cm, K. Oyama ci, P. Sahoo as, 
Y. Pachmayer ci, M. Pachr ak, P. Pagano ac, G. Paic´ bf, F. Painke am, C. Pajares p, S.K. Pal dt, A. Palmeri cw, 
D. Pant ar, V. Papikyan a, G.S. Pappalardo cw, P. Pareek as, W.J. Park cm, S. Parmar cc, A. Passfeld aw, 
D.I. Patalakha db, V. Paticchio ct, B. Paul cq, T. Pawlak dv, T. Peitzmann az, H. Pereira Da Costa n, 
E. Pereira De Oliveira Filho di, D. Peresunko cp, C.E. Pérez Lara bw, A. Pesci cu, V. Peskov av, Y. Pestov e, 
V. Petrácˇek ak, M. Petran ak, M. Petris bt, M. Petrovici bt, C. Petta aa, S. Piano cz, M. Pikna aj, P. Pillot dc, 
O. Pinazza cu,ah, L. Pinsky dk, D.B. Piyarathna dk, M. Płoskon´ bp, M. Planinic dq,cn, J. Pluta dv, S. Pochybova dx, 
P.L.M. Podesta-Lerma dh, M.G. Poghosyan ah, E.H.O. Pohjoisaho ap, B. Polichtchouk db, N. Poljak cn, A. Pop bt, 
S. Porteboeuf-Houssais bl, J. Porter bp, B. Potukuchi cf, S.K. Prasad dw, R. Preghenella cu,l, F. Prino da, 
C.A. Pruneau dw, I. Pshenichnov ay, G. Pudduw, P. Pujahari dw, V. Punin co, J. Putschke dw, H. Qvigstad u, 
A. Rachevski cz, S. Raha d, J. Rak dl, A. Rakotozaﬁndrabe n, L. Ramello ad, R. Raniwala cg, S. Raniwala cg, 
S.S. Räsänen ap, B.T. Rascanu av, D. Rathee cc, A.W. Rauf o, V. Razazi w, K.F. Read dn, J.S. Real bm, 
K. Redlich bs,1,7, R.J. Reed dy, A. Rehman q, P. Reichelt av, M. Reicher az, F. Reidt ah, R. Renfordt av, 
A.R. Reolon bn, A. Reshetin ay, F. Rettig am, J.-P. Revol ah, K. Reygers ci, V. Riabov ca, R.A. Ricci bo, T. Richert af, 
M. Richter u, P. Riedler ah, W. Riegler ah, F. Riggi aa, A. Rivetti da, E. Rocco az, M. Rodríguez Cahuantzi b, 
A. Rodriguez Manso bw, K. Røed u, E. Rogochaya bi, S. Rohni cf, D. Rohr am, D. Röhrich q, R. Romita bx, 
F. Ronchetti bn, L. Ronﬂette dc, P. Rosnet bl, A. Rossi ah, F. Roukoutakis cd, A. Roy as, C. Roy ax, P. Roy cq, 
A.J. Rubio Montero j, R. Rui x, R. Russo y, E. Ryabinkin cp, Y. Ryabov ca, A. Rybicki df, S. Sadovsky db, 
K. Šafarˇík ah, B. Sahlmuller av, R. Sahoo as, P.K. Sahu bd, J. Saini dt, S. Sakai bp, C.A. Salgado p, J. Salzwedel s, 
S. Sambyal cf, V. Samsonov ca, X. Sanchez Castro ax, F.J. Sánchez Rodríguez dh, L. Šándor bb, A. Sandoval bg, 
M. Sano dp, G. Santagati aa, D. Sarkar dt, E. Scapparone cu, F. Scarlassara ab, R.P. Scharenberg ck, 
C. Schiaua bt, R. Schicker ci, C. Schmidt cm, H.R. Schmidt ag, S. Schuchmann av, J. Schukraft ah, M. Schulc ak, 
T. Schuster dy, Y. Schutz dc,ah, K. Schwarz cm, K. Schweda cm, G. Scioli z, E. Scomparin da, R. Scott dn, 
G. Segato ab, J.E. Seger cb, Y. Sekiguchi do, I. Selyuzhenkov cm, J. Seo cl, E. Serradilla j,bg, A. Sevcenco be, 
A. Shabetai dc, G. Shabratova bi, R. Shahoyan ah, A. Shangaraev db, N. Sharma dn, S. Sharma cf, K. Shigaki aq, 
K. Shtejer y, Y. Sibiriak cp, E. Sicking aw,ah, S. Siddhanta cv, T. Siemiarczuk bs, D. Silvermyr bz, C. Silvestre bm, 
G. Simatovic dq, R. Singaraju dt, R. Singh cf, S. Singha dt,bu, V. Singhal dt, B.C. Sinha dt, T. Sinha cq, B. Sitar aj, 
M. Sitta ad, T.B. Skaali u, K. Skjerdal q, M. Slupecki dl, N. Smirnov dy, R.J.M. Snellings az, C. Søgaard af, 
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R. Soltz bq, J. Song cl, M. Song dz, F. Soramel ab, S. Sorensen dn, M. Spacek ak, E. Spiriti bn, I. Sputowska df, 
M. Spyropoulou-Stassinaki cd, B.K. Srivastava ck, J. Stachel ci, I. Stan be, G. Stefanek bs, M. Steinpreis s, 
E. Stenlund af, G. Steyn bh, J.H. Stiller ci, D. Stocco dc, M. Stolpovskiy db, P. Strmen aj, A.A.P. Suaide di, 
T. Sugitate aq, C. Suire at, M. Suleymanov o, R. Sultanov ba, M. Šumbera by, T. Susa cn, T.J.M. Symons bp, 
A. Szabo aj, A. Szanto de Toledo di, I. Szarka aj, A. Szczepankiewicz ah, M. Szymanski dv, J. Takahashi dj, 
M.A. Tangaro ae, J.D. Tapia Takaki at,1,8, A. Tarantola Peloni av, A. Tarazona Martinez ah, M.G. Tarzila bt, 
A. Tauro ah, G. Tejeda Muñoz b, A. Telesca ah, C. Terrevoli w, J. Thäder cm, D. Thomas az, R. Tieulent dr, 
A.R. Timmins dk, A. Toia cx, V. Trubnikov c, W.H. Trzaska dl, T. Tsuji do, A. Tumkin co, R. Turrisi cx, 
T.S. Tveter u, K. Ullaland q, A. Uras dr, G.L. Usai w, M. Vajzer by, M. Vala bb,bi, L. Valencia Palomo bl, 
S. Vallero ci, P. Vande Vyvre ah, J. Van Der Maarel az, J.W. Van Hoorne ah, M. van Leeuwen az, A. Vargas b, 
M. Vargyas dl, R. Varma ar, M. Vasileiou cd, A. Vasiliev cp, V. Vechernin ds, M. Veldhoen az, A. Velure q, 
M. Venaruzzo x,bo, E. Vercellin y, S. Vergara Limón b, R. Vernet h, M. Verweij dw, L. Vickovic de, G. Viesti ab, 
J. Viinikainen dl, Z. Vilakazi bh, O. Villalobos Baillie cr, A. Vinogradov cp, L. Vinogradov ds, Y. Vinogradov co, 
T. Virgili ac, Y.P. Viyogi dt, A. Vodopyanov bi, M.A. Völkl ci, K. Voloshin ba, S.A. Voloshin dw, G. Volpe ah, 
B. von Haller ah, I. Vorobyev ds, D. Vranic ah,cm, J. Vrláková al, B. Vulpescu bl, A. Vyushin co, B. Wagner q, 
J. Wagner cm, V. Wagner ak, M. Wang g,dc, Y. Wang ci, D. Watanabe dp, M. Weber dk, J.P. Wessels aw, 
U. Westerhoff aw, J. Wiechula ag, J. Wikne u, M. Wilde aw, G. Wilk bs, J. Wilkinson ci, M.C.S. Williams cu, 
B. Windelband ci, M. Winn ci, C.G. Yaldo dw, Y. Yamaguchi do, H. Yang az, P. Yang g, S. Yang q, S. Yano aq, 
S. Yasnopolskiy cp, J. Yi cl, Z. Yin g, I.-K. Yoo cl, I. Yushmanov cp, V. Zaccolo bv, C. Zach ak, A. Zaman o, 
C. Zampolli cu, S. Zaporozhets bi, A. Zarochentsev ds, P. Závada bc, N. Zaviyalov co, H. Zbroszczyk dv, 
I.S. Zgura be, M. Zhalov ca, H. Zhang g, X. Zhang g,bp, Y. Zhang g, C. Zhao u, N. Zhigareva ba, D. Zhou g, 
F. Zhou g, Y. Zhou az, Zhuo Zhou q, H. Zhu g, J. Zhu g, X. Zhu g, A. Zichichi l,z, A. Zimmermann ci, 
M.B. Zimmermann aw,ah, G. Zinovjev c, Y. Zoccarato dr, M. Zyzak av
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